Climate change is increasingly regarded as a threat for winter tourism due to the combined effect of decreasing natural snow amounts and decreasing suitable periods for snowmaking. The present work investigated the snow reliability of 175 ski resorts in France (Alps and Pyrenees), Spain and Andorra under past and future conditions using stateof-the-art snowpack modelling and climate projections using Representative Concentration Pathways RCP2.6, RCP4.5 and RCP8.5. The natural snow reliability (i.e. without snowmaking) elevation showed a significant spatial variability in the reference period (1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005) and was shown to be highly impacted by the ongoing climate change. The reliability elevation using snowmaking is projected to rise by 200 to 300 m in the Alps and by 400 to 600 m in the Pyrenees in the near future (2030-2050) compared to the reference period for all climate scenarios. While 99 % of ski lift infrastructures exhibit adequate snow reliability in the reference period when using snowmaking, a significant fraction (14 % to 25 %) may be considered in a critical situation in the near future. Beyond the mid-century, climate projections highly depend on the scenario with either steady conditions compared to the near future (RCP2.6) or continuous decrease in snow reliability (RCP8.5). Under RCP8.5, our projections show that there would no longer be any snow-reliable ski resorts based on natural snow conditions in the French Alps and Pyrenees (France, Spain and Andorra) at the end of the century (2080-2100). For this time period and this scenario, only 24 resorts are projected to remain reliable with snowmaking, all being located in the Alps.
Introduction
The ongoing evolution of natural snow conditions related to climate change (Beniston et al., 2018) is increasingly regarded as a major threat for winter tourism (Gilaberte-Burdalo et al., 2014; Steiger et al., 2017; Hoegh-Guldberg et al., 2019) . This prompts the question of how climate change affects ski resorts and the relevance of snowmaking as an adaptation measure (Steiger et al., 2017) . Initial studies in the early 2000s quantified the snow reliability of ski resorts based on the "100 days" rule, later considered as the reference approach for investigations of climate-induced impacts on the winter tourism (Koenig and Abegg, 1997; Elsasser and Bürki, 2002; Abegg et al., 2007; Steiger, 2010; Pons-Pons et al., 2012; François et al., 2014) . This rule states that a ski resort is snow reliable if the snow depth exceeds 30 cm during 100 d or more, which provides objective information when comparing distinct periods (past and future) or locations (Koenig and Abegg, 1997; Elsasser and Bürki, 2002; Abegg et al., 2007; Durand et al., 2009b) . The snow reliability line is defined as the elevation above which these conditions are met, allowing the assessment of the reliability of a ski resort by comparing its elevation to the snow reliabil-ity line (Koenig and Abegg, 1997; Elsasser and Bürki, 2002; Abegg et al., 2007; Gilaberte-Búrdalo et al., 2017) .
Most investigations based on the 100 days rule used single-point representations of ski slopes to assess the snow and meteorological conditions of a given ski resort, often using the median elevation of a ski resort defined as the average of summit and base elevations (Abegg et al., 2007; Scott et al., 2003; Steiger, 2010; Dawson and Scott, 2013; Pons et al., 2015; Gilaberte-Búrdalo et al., 2017) . Schmidt et al. (2012) and Rixen et al. (2011) used the "highest", "middle" and "lowest" elevations of the study area while Hennessy et al. (2007) mixed various approaches by considering either a single point or three distinct elevations for each ski resort. Alternatively, Pons-Pons et al. (2012) considered the lowest and highest elevations, between which 75 % of the ski slope surface area was concentrated. These remain coarse representations limiting the analysis of the situation of a ski resort to a binary conclusion of reliable or unreliable (Steiger et al., 2017) . Koenig and Abegg (1997) and Elsasser and Bürki (2002) in Switzerland and later Abegg et al. (2007) in the rest of the European Alps based their analysis on the natural snow conditions. Abegg et al. (2007) reviewed the existing literature to address the snow reliability line for regions of Europe (Austria, Italy, Germany, Switzerland and France) based on distinct methods and reference periods (Laternser and Schneebeli, 2003; Wielke et al., 2004; Matulla et al., 2005) . They concluded that 91 % of the 666 ski resorts in the European Alps were snow reliable around 2005. Significant spatial variations in the snow reliability line were shown, ranging from 1050 to 1500 m above sea level (a.s.l.) with consequences on local reliability of ski resorts: 69 % of ski resorts were snow reliable in Germany and up to 97 % were snow reliable in Switzerland and France. Abegg et al. (2007) similarly addressed the impact of climate change on the snow reliability line and concluded that under a + 1 • C warming compared to present only 75 % of European Alps ski resorts would remain reliable and respectively 61 % and 30 % for +2 and +4 • C warming compared to the present would remain reliable. These investigations were limited to the analysis of natural snow using average conditions over large regions. Steiger (2010) later showed by the analysis of 52 climate stations in Austria over the period that an elevation of 1200 m a.s.l. could not be confirmed as snow reliable for all regions of Tyrol (Austria). Using natural snow conditions to assess the snow reliability of ski resorts has also been questioned, due to the strong role of snow management, in particular grooming and snowmaking Spandre et al., 2016b; Steiger et al., 2017) .
Recent studies have increasingly taken into account snow grooming and snowmaking (Scott et al., 2003 (Scott et al., , 2006 Steiger, 2010; Pons et al., 2015; Steiger et al., 2017) . Scott et al. (2003) developed a simple modelling approach accounting for a required snow depth of 50 cm for skiing activities and computed snowmaking requirements based on this target. This method provided consistent season durations for the reference period in the southern Ontario region (Canada) which were shown to significantly decrease under projected climate conditions despite an increasing need for snowmaking. Scott et al. (2006) later used this modelling approach and a 60 cm snow base depth requirement in the Quebec region (Canada). Steiger and Mayer (2008) applied this method in Tyrol (Austria) and concluded that snowmaking could guarantee snow reliability at elevations above 1000 m a.s.l. for the 1971-2000 reference period and would remain a suitable adaptation method until the 2050s with a significant increase in water and energy requirements (Steiger, 2010) . Similar investigations were conducted to assess the impact of climate change on the ski season duration and the snowmaking requirements so as to compensate for the loss in regions of Austria Hanzer et al., 2014) , Germany (Schmidt et al., 2012) , Switzerland (Rixen et al., 2011) , Andorra (Pons-Pons et al., 2012) , the Pyrenees (Pons et al., 2015; Gilaberte-Búrdalo et al., 2017) , the northeastern US (Dawson and Scott, 2013) , New Zealand (Hendrikx and Hreinsson, 2012) and Australia (Hennessy et al., 2007) . Major limitations remain. First, little investigation was undertaken in France, still a major area for winter tourism (François et al., 2014; Steiger et al., 2017) . Second, meteorological and snow input data considered for the analysis were aggregated over large regions (Abegg et al., 2007; Damm et al., 2017) where high spatial variability can be observed (Durand et al., 2009b; François et al., 2014) . Third, snow conditions were often simulated using simplified degree day modelling approaches (Dawson and Scott, 2013; Hendrikx and Hreinsson, 2012) and neglected the differences between natural snow and groomed or machine-made snow properties (Pons et al., 2015; Gilaberte-Búrdalo et al., 2017) .
The present work aims at producing snow reliability investigations of a wide range of ski resorts in France (Alps and Pyrenees), Spain and Andorra under past and future conditions using state-of-the-art snowpack modelling. We accounted for snow grooming and snowmaking using a detailed snowpack model (Spandre et al., 2016b) and used adjusted and downscaled climate projections from the EURO-CORDEX dataset (Verfaillie et al., 2017 to compute snow reliability elevations with distinct levels of snow reliability requirements. The mean elevation of residential population in a ski resort (Breiling and Charamza, 1999) and the mean elevation of ski lifts (Falk and Vanat, 2016) were compared to the snow reliability line. We defined seven distinct categories for ski resorts based on their natural snow reliability, their degree of dependence on snowmaking to achieve reliability (Pons et al., 2015) and whether snowmaking may be a technically efficient method to guarantee snow reliability under present and future climate conditions. P. Spandre et al.: Winter tourism under climate change in the Pyrenees and the French Alps 1327 2 Method 2.1 Ski resort definition and features
Definition of relevant elevations of ski resorts
All data on the geographical location and technical data on ski resorts were extracted from the "BD Stations" database (François et al., 2014; Spandre et al., 2015) . Ski lift installation and operation in France are supervised by the STRMTG ("Services Techniques de Remontées Mécaniques et Transports Guidés"). The STRMTG is a public service in charge of the safety control of French ski lifts providing authorizations for ski lift operations. The STRMTG manages a database (CAIRN: CAtalogue Informatisé des Remontées Mécaniques Nationales) dedicated to ski lifts which includes technical characteristics of each ski lift such as the ski lift power. The ski lift power is an indicator of the size of a ski lift, defined as the product of the elevation difference between the bottom and the top of a ski lift (in kilometres) and its capacity, i.e. the flow of persons per hour (persons h −1 ), expressed in persons km h −1 . Ski lift infrastructures in France have a total ski lift power of 977 000 persons km h −1 , 94 % of which are included in the present study (Appendix B). These data are complemented with geographical information from the database BD TOPO (25 m of resolution) developed by the French Geographical Institute (IGN, "Institut Géographique National"). The following elevations were used to be compared with the snow reliability line.
-The mean ski lift elevation of a ski resort is defined as the average of top and bottom elevations of each ski lift weighted by its ski lift power, referred to as the mean elevation of the ski resort (François et al., 2014; Falk and Vanat, 2016) .
-The village elevation of a ski resort is defined as the mean elevation of tourism housing infrastructure, where tourists stay during their ski holidays. It is computed using IGN data on the location and characteristics of buildings. Buildings located within 300 m from the bottom of the ski lifts are selected, and the selection procedure continues by iterations, using a 200 m radius around each identified building and so on, until no more buildings are found. We then compute the net floor surface area of each selected building (taking account the number of floors, based on building height), which is used to compute the weighted mean elevation of the built area associated with each resort, weighted by their net floor area (Breiling and Charamza, 1999) .
Data for computing the mean ski lift elevation and village elevation of ski resorts using the method described above are only available for France. Another approach was required for addressing the characteristics of ski resorts in Andorra and Spain. Based on the OpenStreetMap (OSM) project (http: //www.openstreetmap.org/, last access: 12 April 2019), we estimated the main features for the Spanish and Andorran ski resorts (village elevation, ski lift mean elevation and ski lift power). However, ski lift capacity is not included in OSM, and building height data are incomplete, which hampers our ability to proceed using the method developed for the French ski resorts. To circumvent this issue, we extracted all ski slopes from OSM for all ski resorts in France, Spain and Andorra, and computed linear regressions between information extracted from OSM and independent estimates for French ski resorts, which were then used to compute the indicators for ski resorts in Spain and Andorra (Fig. 1 ).
-The linear model of the ski lift power versus the OSM surface area (Fig. 1a ) had a correlation coefficient R 2 = 0.87 (p value < 10 −15 ), proving relevant to estimate the ski lift power based on the OSM surface area.
-Elevations derived from the OSM spatial representation also proved significantly correlated to data from the BD Stations ( Fig. 1b ):
-All elevations together had a RMSD = 149 m and mean difference = 15 m, and the linear model of slope was 0.97 (R 2 = 0.91, p value < 10 −15 ).
-Mean elevation had a RMSD = 154 m and mean difference = 51 m, and the linear model of slope was 0.82 (R 2 = 0.83, p value < 10 −15 ).
-The village elevation proved significantly correlated to the mean elevation derived from OSM spatial representations (slope 0.64, intercept 326 m, R 2 = 0.62, p value < 10 −15 ). The linear model was applied to estimate the village elevation from the OSM mean elevation and compared to the BD Stations data: RMSD = 179 m; mean difference < 10 −12 ( Fig. 1b ).
Study area
A sample of 175 ski resorts in the French Alps (n = 129), the French Pyrenees (n = 28), the Spanish Pyrenees (n = 14) and Andorra (n = 4) were included in the present study ( Fig. 2 , Appendix B). The French ski resorts included in this study (n = 157) represent 94 % of the national ski lift infrastructures. For Andorra, our study accounts for 100 % of the ski tourism infrastructures. For Spain, there are a total of 30 ski resorts, 14 of which are in the Spanish Pyrenees and considered in this study (note that in our study, the ski resorts La Molina and Masella were considered together). In terms of skiers, the Spanish Pyrenees represent around 63 % of the total ski market in Spain. 
Definition and computation of the snow reliability line

Snowpack modelling
The "Crocus Resort" version of the multilayer snowpack model SURFEX/ISBA-Crocus was used in the present study (Brun et al., 1992; Vionnet et al., 2012) . Crocus Resort allows us to take into account the effect of grooming and snowmaking on snow properties so as to provide simulations of snow conditions on ski slopes (Spandre et al., 2016b) . The impacts of grooming are simulated and machine-made snow can be added to the snowpack specifying the precipitation rate (1.2 × 10 −3 kg m −2 s −1 ; Spandre et al., 2016a) and con-ditions for triggering the production (wet-bulb temperature threshold −2 • C, target quantity or target snow depth). The production of snow was based on the following rules, dividing the winter season into distinct periods (Steiger, 2010; Hanzer et al., 2014; Spandre et al., 2016a) :
-Between 1 November and 15 December, a 30 cm deep "base layer" (snow mass of 150 kg m −2 , for a typical snow density of 500 kg m −3 ) is produced, weather conditions permitting, regardless of natural snowfalls during the period.
-Between 15 December and 28 February, snow is produced, if meteorologically possible, so as to maintain a total snow depth of 60 cm.
-After 1 March, no more snow is produced.
Climate forcing data
The meteorological system SAFRAN (Durand et al., 1993) provides meteorological data (temperature, precipitations, etc.) for mountain areas of an approximate 1000 km 2 surface referred to as a "massif", covering the French Alps and Pyrenees, including the Spanish and Andorran Pyrenees (Fig. 2) . Within each massif, the meteorological conditions are considered to be homogeneous and to depend only on the elevation (by steps of 300 m) with a time resolution of 1 h. SAFRAN forcing data are available for the 1958-2015 period (Durand et al., 2009a; Durand et al., 2012; Maris et al., 2009 ). Computations of snow conditions over the reference period using SAFRAN forcing data are further referred to as "SAFRAN" and can be considered as the reference observational dataset. This study uses the EURO-CORDEX dataset Kotlarski et al., 2014) for climate projections consisting of six regional climate models (RCMs) forced by five different global climate models (GCMs) from the CMIP5 ensemble (Taylor et al., 2012) over Europe, for the historical, RCP2.6, RCP4.5 and RCP8.5 scenarios (Moss et al., 2010) . All EURO-CORDEX data were adjusted using the ADA-MONT method (Verfaillie et al., 2017) using the SAFRAN data as the reference observation dataset . Historical runs generally cover the period 1950-2005 and climate projections (RCPs) cover the period 2006-2100 (Table 1 ). Continuous hourly resolution meteorological time series derived from RCM output by the ADAMONT statistical adjustment method are then used as input of the SURFEX/ISBA-Crocus snowpack model (Verfaillie et al., 2017 .
Snow indicators
The snow reliability line was computed from the simulated snow conditions for the reanalysis and all GCM-RCM pairs and scenarios. The snow reliability line was based on the 100 days rule and defined for a given season as the elevation above which a minimum quantity of 100 kg m −2 of snow (i.e. 20 cm of snow at 500 kg m −3 density) was simulated during at least 100 d between 15 December and 15 April (Scott et al., 2003; Steiger, 2010; Marke et al., 2014; Pons et al., 2015) . The use of snow mass instead of snow depth appeared more relevant for our study, considering the differences between natural snow properties and machinemade snow or groomed snow (Spandre et al., 2016b) . Based on the season length computed for SAFRAN massif elevations (300 m step), a linear interpolation was used to compute the snow reliability line meeting the 100 d threshold. In cases where the season length at the minimum (respectively maximum) elevation was longer (respectively shorter) than 100 d, the snow reliability line was set to half the altitudinal step (150 m) below (respectively above) the minimum (respectively maximum) elevation for a given massif. We further computed for each massif the snow reliability line by considering distinct periods, climate scenarios, snow requirements and snow management, providing 48 distinct values of the snow reliability elevation resulting from the combination of these parameters (Tables A1, A2 , A3 in Appendix). Eight periods and scenario configurations are based on the reference period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) using the SAFRAN reanalysis and available GCM-RCM pairs (HIST), the near future (2030-2050) and the end of the century (2080-2100), using climate scenarios RCP2.6, RCP4.5 and RCP8.5 for all available GCM-RCM pairs (Table 1) . Three distinct levels of snow reliability requirements were defined as the elevation where the season length reached 100 d one season out of two (50 % percentile of annual values), seven seasons out of 10 (70 % percentile of annual values) and nine seasons out of 10 (90 % percentile of annual values). Last, we considered the groomed snow conditions (no snowmaking) and including snowmaking (two configurations). We did not compute indicators based on unmanaged natural snow conditions alone, i.e. without grooming or snowmaking.
Definition of snow reliability categories
Seven snow reliability categories have been designed with respect to the natural snow reliability and the relevance of snowmaking as an efficient adaptation method to reduce the effect of snow variability and scarcity, in line with previous investigations (Pons et al., 2015; Steiger and Mayer, 2008) . Following Steiger and Mayer (2008) , we considered a strict threshold of nine winters out of 10 for snowmaking reliability (90 % percentile of annual values), considering that snowmaking facilities are an investment for the operations of ski resorts and should therefore target a high level of reliability. The following categories were defined to characterize the snow reliability of ski resorts, depending on the relationship between village elevation and mean ski lift elevation, and the reliability lines with and without snowmaking. The village elevation is critical because this corresponds to the entry point of skiers to the ski slopes from their tourism housing in- frastructure. This often corresponds to the lower elevation of the major ski lift infrastructure, which is a key area for snow managers because snow reliability there is both challenging and a strong asset for the ski resort operations (Spandre et al., 2016a) . Categories are ordered by decreasing levels of natural and managed snow reliability. For each ski resort, its category corresponds to the first one for which the criterion is fulfilled, from category 1 until category 7. A ski resort fulfilling the condition of category N-1 also fulfills the condition of category N. Ski resorts in category N fulfill the condition of category N but not the condition of category N-1.
-Category 1: village elevation above the 90 % groomed snow reliability line.
-Category 2: village elevation above the 70 % groomed snow reliability line and village elevation above the 90 % snowmaking reliability line.
-Category 3: mean ski lift elevation above the 70 % groomed snow reliability line and village elevation above the 90 % snowmaking reliability line.
-Category 4: mean ski lift elevation above the 50 % groomed snow reliability line and village elevation above the 90 % snowmaking reliability line.
-Category 5: village elevation above the 90 % snowmaking reliability line.
-Category 6: mean ski lift elevation above the 90 % snowmaking reliability line.
-Category 7: mean ski lift elevation below the 90 % snowmaking reliability line.
Categories 1, 2 and 3 illustrate ski resorts where natural snow conditions are generally reliable (Abegg et al., 2007; Scott et al., 2003; Pons et al., 2015) . Snowmaking is generally employed only at the lowest elevations, and it makes a difference only for a minority of seasons when natural snow conditions are too scarce. Categories 4 and 5 illustrate ski resorts where natural snow conditions may not be considered as reliable as the previous categories, but snowmaking can generally guarantee the reliability in all elevations of the resort. In these two categories, snowmaking is useful and efficient in reducing natural snow scarcity at all elevations of the resort (Pons et al., 2015) . Categories 6 and 7 illustrate ski resorts where natural snow conditions are generally not considered reliable and snowmaking is not efficient in reducing natural snow scarcity at the lowest elevations of the resort.
3 Results
Snow conditions and snow reliability line
3.1.1 Past climate conditions Figure 3 shows that a significant spatial variability of the snow reliability line can be observed for the reference period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . The median elevation of the 70 % groomed snow reliability ranges between 1750 m a.s.l. in the northern Fig. 3) . Although a deviation can be observed, the spatial variability is consistent between climate model computations over the reference period (HIST) and the reference dataset (SAFRAN). The 90 % snow reliability using snowmaking is significantly lower than the 70 % groomed snow reliability line (Fig. 3 ). Due to snowmaking the median reliability elevation increases between 700 m in the French Pyrenees, 900 m in the Spanish and Andorran Pyrenees, 1000 m in the northern Alps, and up to 1200 m in the southern Alps. This results in a snowmaking reliability line significantly lower in the southern Alps compared to the Pyrenees despite poorer natural snow conditions (Fig. 3) . Although the improvement of snow conditions thanks to snowmaking is lower in the Pyrenees compared to the Alps, the annual snowmaking requirements are higher, with 400 to 550 kg m −2 machine-made snow produced at the snow reliability line in the northern and southern Alps (10 %-90 % percentiles of annual values) and 400 to 700 kg m −2 in the French, Spanish and Andorran Pyrenees (HIST). Such production is equivalent to 80 cm to 1.1 m of snow in the Alps and 80 cm to 1.4 m of snow in the Pyrenees at the snow reliability line (using a machine-made snow density value of 500 kg m −3 ). Natural snow conditions are projected to be significantly affected by climate change in the near future (2030-2050) with similar evolution between climate scenarios (Fig. 3) . The median 70 % groomed snow reliability line is projected to range between -1850 and 2000 m a.s.l. in the northern Alps (100 to 250 m above the reference period);
-2500 and 2650 m a.s.l. in the southern Alps (200 to 400 m above the reference period);
-2250 and 2300 m a.s.l. in the French Pyrenees (300 to 350 m above the reference period);
-2550 and 2650 m a.s.l. in the Spanish and Andorran Pyrenees (300 to 350 m above the reference period).
Due to the combined effect of decreasing natural snow conditions and decreasing suitable conditions for snowmaking, the 90 % snow reliability line using snowmaking is projected to rise by 200 to 300 m in the northern Alps, 300 m in the southern Alps and up to 400 to 600 m in the Pyrenees compared to the reference period. In the near future the median elevation of the snowmaking reliability is projected to range between 950 and 1050 m a.s.l. in the northern Alps, 1350 m a.s.l. in the southern Alps, 1700 to 1850 m a.s.l. in the French Pyrenees, and 1750 to 1900 m a.s.l. in the Spanish and Andorran Pyrenees. The production of machine-made snow at the snow reliability line is projected to remain steady or to decrease in the Pyrenees, up to 15 % compared to the reference period. In the Alps, the production of machine-made snow is projected to increase for all scenarios up to 15 %. This highlights the higher suitability of climate conditions for snowmaking in the Alps compared to the Pyrenees and increases the gap in the elevation of the snowmaking reliability between these areas (Fig. 3) .
3.1.3 Future change at the end of the century (2080-2100)
The impact of climate change on natural snow conditions beyond the mid-century is projected to be highly dependent on the climate scenario. Conditions at the end of the century (2080-2100) are projected to remain similar to those in the near future, for RCP2.6, with the median 70 % groomed snow reliability line ranging between 200 and 300 m above the elevation for the reference period. Under RCP8.5, this elevation at the end of the century would be 850 m higher than the value for the reference period in the northern and southern Alps, 900 m in the Spanish and Andorran Pyrenees, and up to 1050 m in the French Pyrenees. The snowmaking reliability elevation is projected to suffer from the decrease in periods suitable for snowmaking. The median elevation at the end of the century is projected to be 200 m (northern Alps) to 450 m (French Pyrenees) higher than the value for the reference period for RCP2.6 and up to 1100 m (northern and southern Alps) to 1450 m (French Pyrenees) higher for RCP8.5. The median elevation of the reliability using snowmaking for RCP8.5 is projected to range at the end of the century between 1850 m a.s.l. in the northern Alps, 2150 m a.s.l. in the southern Alps, and 2700 m a.s.l. in the French, Spanish and Andorran Pyrenees (Fig. 3) .
In the Pyrenees, the production of machine-made snow is projected to decrease by 15 % to 35 % in the French Pyrenees and 10 % to 20 % in the Spanish and Andorran Pyrenees (10 %-90 % percentiles) compared to the reference period due to the lack of suitable conditions. In the Alps, snowmaking is projected to remain relatively steady at the snow reliability elevation compared to the near future with higher requirements compared to the reference period up to 10 %. Table 2 show a deviation between the SAFRAN reference dataset and results derived from climate models (HIST) for the reference period. We therefore focus our analysis on the comparison of snow conditions computed by climate models for the reference and future periods. Based on climate models, ski lift infrastructures were reliable during the reference period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , with either natural snow conditions (50 % in categories 1, 2 and 3 altogether; Table 2 , HIST) or with snowmaking (49 % in categories 4 and 5 altogether). Natural snow conditions in larger ski resorts were more reliable than in the smaller ones with 44 resorts representing 50 % of the ski lift power being reliable using natural snow only and 129 ski resorts also representing 49 % of the ski lift power being only reliable with snowmaking (Table 2) . Categories 6 and 7 include resorts where 90 % snowmaking reliability can not be achieved at the elevation of the village (category 6) or at the mean ski lift elevation (category 7). These categories represent the situation of a marginal fraction of ski resorts in the reference period: less than 1 % unreliable facilities (two resorts in these categories) and might therefore be considered in a critical situation in terms of snow conditions. Figures 4 and 5 also illustrate a significant geographical pattern with most naturally snowreliable ski resorts being located in the northern Alps and central Pyrenees. This can be related to the lower elevation of the snow reliability line in the northern Alps compared to the southern Alps or the Pyrenees (Fig. 3 , Appendix A1) and the higher elevation of larger ski resorts, most of them being located in the northern Alps and central Pyrenees (Figs. 2 and 5). The variability is particularly high between the northern Alps (a majority of ski resorts were naturally snow reliable: 67 % of ski lift power) and the southern Alps (89 % were reliable with snowmaking) highlighting a higher dependence of southern Alps ski resorts on snowmaking in the reference period (only 12 % of ski lift power was naturally snow reliable). The situation of the Pyrenees ski resorts lies in between (Fig. 5) .
Snow reliability of ski resorts
Past climate conditions
Figures 3 and 4 and
Future change in the near future (2030-2050)
In the near future (2030-2050) and depending on the RCP, only 14 to 24 ski resorts (21 % to 32 % of ski lift power) are projected to remain snow reliable based on natural conditions, all being located in the northern Alps except one in the central Pyrenees (Table 2 ). An additional 83 to 116 resorts (representing 49 % to 64 % of ski lift power) are projected to remain reliable with snowmaking. Overall, a majority of ski resorts would remain reliable, either with snowmaking or under natural snow conditions (75 % to 86 % of ski lift power). A significant fraction of 45 to 75 ski resorts (14 % to 25 % of ski lift power) would however turn either into category 6 (12 % to 18 % of ski lift power) or even category 7 (2 % to 7 % of ski lift power) where 90 % snowmaking reliability can not be achieved at the elevation of the village (category 6) or at the mean ski lift elevation (category 7). The geographical pattern identified for past climate conditions is projected to remain in the near future. Even though there would not be any naturally snow-reliable ski resort in the southern Alps, snow conditions are projected to remain reliable with snowmaking for most resorts (reduction from 100 % to 89 % of reliable with snowmaking ski lift power), displaying a consistent distribution between reliability categories compared to the reference period (Fig. 4) . Conversely, the projected im- pact on the Pyrenees ski resorts is significant, particularly in the French Pyrenees. There would remain a single naturally snow reliable resort, but more important is the fraction of resorts turning into category 6 (45 % to 58 % of ski lift power in the French Pyrenees and 32 % to 59 % in the Spanish and Andorran Pyrenees) or even category 7 (12 % to 42 % of ski lift power in the French Pyrenees and 7 % to 20 % in the Spanish and Andorran Pyrenees).
Future change at the end of the century (2080-2100)
Beyond the near future, the evolution of snow conditions strongly depends on the climate scenario, due to both the evolution of natural snow conditions and the availability of suitable periods for snowmaking ( Fig. 3) . According to the scenario RCP2.6, snow reliability is projected to remain similar or even improve at the end of the century (2080-2100) compared to the near future . Figures 3 and 4 and Table 2 illustrate the significant impact of climate change on the snow conditions and ski resort reliability for RCP8.5 compared to the two other scenarios. Our projections indicate that there would not remain any ski resort with reliable natural snow conditions based on RCP8.5, with only 24 ski resorts (28 % of ski lift power) benefiting from snowmaking reliability ( Table 2) , all of them being located in the Alps. Figure 4 illustrates a strong geographical pattern within the Alps with higher snow reliability in eastern central Alps compared to external and southern massifs. End of century RCP8.5 ski resorts reliable with snowmaking are projected to be located in Vanoise (n = 7), Haute-Tarentaise (n = 5), Maurienne (n = 5) and Haute-Maurienne (n = 3) in the northern Alps, and Thabor (n = 1), Pelvoux (n = 1), Queyras (n = 1) and Champsaur (n = 1) in the southern Alps.
www.the-cryosphere.net/13/1325/2019/ The Cryosphere, 13, 1325-1347, 2019 Table 2 . Distribution of the total ski lift power (%) within reliability categories for distinct periods and scenarios (Fig. 4) with the corresponding number of ski resorts (n).
Reference
Near future End of the century (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2030-2050) (2080-2100)
Category SAFRAN HIST RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5 1 21 2 0 2 0 0 0 0 (n = 11) (n = 2) (n = 2) 2 7 13 2 8 5 2 2 0 (n = 15) (n = 7) (n = 2) (n = 3) (n = 3) (n = 2) (n = 2) 3 44 35 19 22 21 25 7 0 (n = 53) (n = 35) (n = 12) (n = 19) (n = 14) (n = 16) (n = 4) 4 16 27 29 23 19 20 27 4 (n = 42) (n = 51) (n = 25) (n = 24) (n = 19) (n = 23) (n = 20) (n = 2) 5 13 22 35 31 30 41 33 24 (n = 50) (n = 78) (n = 91) (n = 81) (n = 64) (n = 90) (n = 63) (n = 22) 6 0 1 13 12 18 10 16 21 (n = 4) (n = 2) (n = 31) (n = 29) (n = 39) (n = 28) (n = 35) (n = 21) 7 0 0 2 2 7 2 14 51 (n = 14) (n = 17) (n = 36) (n = 16) (n = 51) (n = 130) A number of limitations remain in our approach and should be carefully considered in the interpretation of our results. Concerning the modelling of the snowpack evolution under past and future climate conditions, meteorological forcing data are aggregated at the scale of a massif (an approximately 1000 km 2 surface area) and by elevation steps of 300 m, which is a significant improvement compared to previous investigations (Abegg et al., 2007; Damm et al., 2017) although local effects are still neglected. The snow melting rate is probably underestimated in the model leading to somewhat optimistic results (Spandre et al., 2016b) . The main reason for this is the one-dimensional assumption in the snowpack model neglecting the snow-ground partitioning, particularly when the natural snow melts out and leaves the ski slope as an isolated snow patch in grass or rock fields (Mott et al., 2015) . This situation is likely to be more frequent under future climate conditions, resulting in increasingly optimistic results compared to the reference period. Additionally, all results computed based on the observational reference dataset and climate models exhibit differences in the reference period ( Figs. 3 and 4 and Table 2 ). Discrepancies may be due to potential biases of the multivariate distribution of the meteorological variables produced by the adjustment and downscaling method (Verfaillie et al., 2017) . This could result in potential nonlinear effects due to multiple dependencies, especially on temperature, relative humidity, precipitation and wind speed. Beyond the modelling of snow conditions, the main limitations pertain to the snow reliability line approach. Singlepoint representations are considered on a flat field, i.e. neglecting the aspect and slope angles of a given ski area, which is of high importance in the seasonal evolution of the snowpack and might highly differ from one resort to another. These representations also neglect that all slopes are not covered by snowmaking facilities, hampering any detailed investigation of the evolution of water requirements (results are limited to values per unit surface area). Modelling chains including spatial representations of ski resorts may overcome such weaknesses of the snow reliability line approach (Spandre et al., 2018) . Additionally, even though snowmaking may appear to be an efficient method to technically reduce the impacts of natural snow scarcity, the attractiveness of a given resort may be damaged due to either the lack of snow in parts of the ski resort not equipped with facilities or even the lack of natural snow (landscapes, winter spirit).
We provided information beyond a binary assessment of reliable or unreliable by creating reliability categories, although economic implications should be specifically investigated with a more detailed approach. For example, the relative economic importance of specific periods (Christmas and Winter school holidays) is also neglected in this approach, similarly to previous uses of the snow reliability line. More importantly, our study highlights ski resorts which, un-der present climate conditions, exhibit challenging snow reliability indicators (category 5 ski resorts in outer northern Alps regions, the southernmost southern Alps, and the eastern and western parts of the Pyrenees), but are currently operational. This indicates that snow reliability is only one factor of the socio-economic performance of ski resorts. This corroborates that the assessment of the sustainability of winter ski tourism destinations must encompass dimensions other than snow conditions alone, consistent with earlier findings (Luthe et al., 2012) .
Conclusion
State-of-the-art snowpack modelling and climate projections were used in the present investigation to provide a snow reliability assessment of a large sample of 175 ski resorts in the French Alps and Pyrenees (France, Andorra and Spain) under past and future climate conditions. We report on a significant spatial variability in snow reliability, with or without snowmaking. The northern Alps showed the best natural snow conditions for the reference period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and under future climate conditions. Snowmaking appears to be an efficient method to improve the snow reliability with 99 % of ski lift facilities reliable with snowmaking for the reference period. This is particularly true in the southern Alps where snowmaking leads to a lower elevation of the snowmaking reliability compared to the Pyrenees, while the natural snow reliability line is higher. This situation is projected to remain in future climate conditions and snow reliability elevation is projected to significantly rise due to the decrease in natural snow conditions and the suitable conditions for snowmaking. The difference between projected deviation between climate scenarios is very low in the near future . Depending on the RCP, 21 % to 32 % of ski lift infrastructures would remain reliable based on natural snow conditions while another 14 % to 25 % might be considered in a critical situation, i.e. for which snowmaking reliability can not be achieved. Significant snowmaking requirements are projected to be necessary at the snow reliability line ranging between 400 and 700 kg m −2 , i.e. an equivalent 80 to 140 cm of machine-made snow production. Deviations between climate scenarios only appear after the mid-century with limited changes compared to the near future (RCP2.6) or continuous decrease in the snow reliability (RCP8.5). At the end of the century and for RCP8.5, our projections indicate that there would not remain any reliable resort based on natural snow conditions and only 24 resorts (28 % of ski lift facilities) would benefit from snowmaking reliability, all being located in the Alps.
The past and future snow reliability of ski resorts in the French Alps and Pyrenees is highly variable, and the present investigation illustrates the relevance of considering local situations rather than drawing general conclusions. We believe that our results might be substantial material for discussions of the relevance of snowmaking as a technical adaptation and the decision-making regarding investments in these facilities. Management implications and economic issues might also be derived from this approach, which should be extended to mid-elevation areas in France (Jura, Vosges, Massif Central). This also bears potential for wider extension including at the European scale taking advantage of the fact that the method does not require complex data to characterize ski resorts (village and mean ski lift elevation) and could be applied to simulations of natural and managed snow at the European scale .
Assessing the impact of climate change on the ski tourism economy requires not only an estimate of future changes of natural and managed snow conditions, which we provided here, but also additional information on water requirements for snowmaking and how it affects the environmental context and business model of the ski industry. While until the mid-21st century snowmaking appears to be an efficient adaptation option to reduce the climate change hazard to ski resort operating conditions, their environmental footprint and socio-economic functioning may be altered, thereby increasing the vulnerability dimension of the socio-ecological risk if the mountain tourism business model remains unchanged. Towards the end of the century, under high-emission climate change scenarios (RCP8.5), the snow reliability will severely be questioned for most ski resorts currently operating in the Pyrenees and the French Alps, with and without snowmaking, with increased climate change risk under the current mountain tourism business model. Regardless of the time period of interest, future studies are required to analyse and assess all dimensions of climate change impacts and risk to this key mountain economic sector, in France and many other places on Earth.
Data availability. The climate projections used in this study are available on the Drias portal: http://drias-climat.fr/ (last access: 24 April 2019). Model results are available upon request to the corresponding author.
Appendix A: Snow reliability elevation A1 Reference period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) 
